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BaxSr1xTiO3 was prepared by the microwave-assisted hydrothermal method. The ceramic powder was
characterized by X-ray diffraction, Raman, ultraviolet–visible and photoluminescence (PL) spectroscopies
and scanning electron microscopy (FE-SEM). The results conﬁrm that the powders consist of perovskite-
type cubic and tetragonal crystalline structures. The Raman data show bands characterizing a multi-
phonon process, suggesting the presence of defects, due to partial Sr/Ba substitution, resulting in different
distorted clusters. A broad-band PL emission (blue light region) conﬁrms the existence of these defects,
which together with the results of ultraviolet–visible spectroscopy suggests non-uniformity in band
structure. The distinct morphologies observed are associated with different clusters organization during
the nucleation and growth of the BaxSr1xTiO3 nanoparticles.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Within the ABO3 perovskite class of compounds, SrTiO3 (ST) and
BaTiO3 (BT) in their crystalline formdisplay a semiconductor behav-
ior with many interesting properties. BT and ST are materials that
show photoluminescence (PL) emission at room temperature in
the form of amorphous powders and nanocrystals. This PL behavior
is explained as resulting fromeither quantumconﬁnement or struc-
tural defects [1]. Among the perovskite-type compounds, crystalline
BaxSr1xTiO3 (BST) has received much attention due to attractive
ferroelectric, pyroelectric and piezoelectric properties and high
dielectric constants coupled with good thermal stability [2–4].
Partial substitution of network atoms by another isovalent
cation (Ba M Sr) modiﬁes the dielectric properties and the ferro-
electric transition, and also signiﬁcantly broadens the phase transi-
tion [5]. Several chemical methods have been used to prepare
nanoparticles of BST [3,5–16]. Deshpande et al. [13] and Pa˛zik
et al. [15] have prepared BST nanoparticles (Sr = 0.25 and 0.1–0.4,
respectively) using the microwave-assisted hydrothermal (MAH)
method. This rapid synthetic method has been used efﬁciently in
the preparation of ceramic powders as perovskite-type compounds
[17–21]. This synthetic method is recognized as an emerging, rapid
and environmentally friendly procedure.
The microwave-assisted hydrothermal method has been also
introducing the different crystal growth ways to perovskite com-
pounds [17,20]. To explain these interesting morphologies manysevier OA license.approaches can be evaluated, as mesocrystal growth and/or meso-
scale transformations [22] self-assembly associated to oriented
attachments [23] and reversed crystallizations [24]. Among of
these crystallizations/crystal growth process the self-assembly fol-
lowed by mesoscale transformations have been the most generally
usefully to describe the MAH crystal growth [17,21].
The objective of the present work is evaluates the inﬂuence of
the order–disorder degree of self-assembled nanoparticles as func-
tion of cation (Ba:Sr) exchange on the photoluminescent properties
and the aggregation process of different clusters, which give rise of
BST nanoparticles on the ﬁnal morphology of BST particles. In our
study, we applied the MAH method using an adapted commercial
oven to synthesize nanoparticles of BaxSr1xTiO3 (x = 0, 0.25 and
1) under low temperature and reaction time. Characterization
techniques were used as tool to investigate the structure, PL emis-
sion, and morphology of the BST particles.
2. Experimental
The BaxSr1xTiO3 powders were synthesized by the microwave-
assisted hydrothermal (MAH) method according to the procedure
described as follows: (0.01  x) mol SrCl26H2O and (x) mol
BaCl22H2O (x = 0, 0.0025and0.01)weredissolved in20 mlof deion-
ized water in the Teﬂon cup of the MAH reaction chamber. To this
solution,whichwas continuously stirred and bubbledwith nitrogen
gas, 0.01 mol of C12H28TiO4 was added, and after 10 min at room
temperature, 50 ml of KOH (6 mol) was quickly added. Afterward,
the cup was placed inside the reaction chamber, which was then
sealed and placed inside a microwave oven. The synthetic process
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maximumpressureof 4 bar. The systemwas cooled to roomtemper-
ature, and the ceramic powder was washed in deionized water and
centrifuged several times until the efﬂuent pH was neutral (pH 7).
The crystalline powder was dried at 110 C for 12 h. These synthe-
sized powders were characterized by X-ray diffraction (Rigaku,
model D/Max-2500/PC), Cu Ka radiation with a scanning speed of
4/min and a step interval of 0.02. The structure of the sample with
x = 0.25 was reﬁned using Rietveld method (GSAS software). Scan-
ning electron microscopy with energy dispersive system (SEM-
EDX, JEOL model JSM-6380LV) was used to quantify the chemical
composition of all samples. The morphogenesis of BST crystals was
examined by ﬁeld emission scanning electron microscopy
(FE-SEM, Zeiss Supra™ 35). Raman spectra were obtained using a
micro-Raman Renishaw spectrograph model inVia equipped with
a Leica microscope (50 objectives with1 lm2 spatial resolution)
and a CCD detector. The scanning range was 100–1400 cm1 using
633 nmwavelength of a He–Ne laser. Photoluminescence (PL) spec-
tra were collected with a Thermal Jarrel-Ash Monospec 27 mono-
chromator and a Hamamatsu R446 photomultiplier. The 350.7 nm
exciting wavelength of a krypton ion laser (Coherent Innova) was
used with the nominal output power of the laser kept at 200 mW.
Ultraviolet–visible (UV–Vis) spectroscopy for the absorbance spec-
tral dependence of all samples was taken using a Cary 5G UV–Vis
NIR Spectrophotometer in the total reﬂection mode. Two reference
standards, Labsphere Certiﬁed Reﬂectance: SRS 94-010 and SRD
02-010, were used. All characterizations were made at room
temperature.3. Results and discussion
X-ray diffraction patterns (XRD) of the BaxSr1xTiO3 nanoparti-
cles are shown in Figure 1. With x = 0 and x = 0.25, the powders
show a cubic perovskite structure (PDF 5-0634 and 89-8211,
respectively). These XRD patterns show that, although the BST
phase has been formed by replacing 25% of Sr with Ba, the predom-
inant structure is deﬁned by Sr, even that the PDF card has chan-
ged. This result was expected due to the structural modiﬁcations
introduced by Ba exchanged. For x = 1, the samples have shown a
tetragonal structure (PDF 83-1878) as observed in a previous work
by Souza et al. [20]. In addition to BST, there is always the forma-
tion of carbonates.
Using Scherrer’s equation, D ¼ kkðbcoshÞ, the average crystallite
size for all synthesized powders was determined (Table 1A). In this
equation, k is a constant (shape factor of about 0.9), k is the X-rayFigure 1. XRD patterns of the BaxSr1xTiO3 sample: (a) x = 0; (b) x = 0.25; (c) x = 1.0.wavelength (1.542 Å), b is the FWHM of the (011) diffraction line,
and h is the Bragg angle (peak position). The calculated values
show that the average crystallite size decreases for BST with 25%
Ba. According to the literature, as Ba concentration is increased,
more and more barium atoms inhibit the growth of the crystallite,
leading to reduction in growth rate and gradual saturation [25]
inﬂuencing the ﬁnal morphology.
Table 1A and B show the results of chemical analysis by SEM-
EDX and quantiﬁcation and stoichiometry of the phases present
in each sample using the Rietveld method. As the SEM-EDX ana-
lyzes the total sample, the composition of the BST phase is deter-
mined from the Rietveld data which also shows the percentages
of carbonate and titanate formed. The reﬁnement of the structure
of the BST (Figure 2) shows that it is cubic with lattice parameter
3.9403 Å (±0.0001), and has stoichiometry (x = 0.256) very close
to the predetermined composition. These results are very reliable
due to great value obtained for the adjustment parameters as
v2 = 4.473 and Rwp = 0.0951.
Figure 3 shows the Raman spectra of BaxSr1xTiO3 nanoparti-
cles. Lee et al. [25] showed that the Raman bands of SrTiO3 bulk
is entirely second order in the cubic perovskite. According to these
authors, the appearance of ﬁrst-order Raman lines of 171, 537 and
790 cm1 in BaxSr1xTiO3 nanoparticles indicates a lower crystal
symmetry induced by impurities and defects, as the vacancy of
oxygen, very common in perovskites. The presence of the active
modes Raman suggests, however, a noncentrosymmetric occupa-
tion of the Ti atom in the TiO6 cluster [19,26]. Our data are in
agreement with these results, where characteristic ﬁrst-order
bands at 180, 544 and 795 cm1 of BaxSr1xTiO3 (for x = 0) were
observed. With 25% of Ba, the characteristic bands of the BaTiO3
structure (vibrational modes) emerge (182, 305, 519 and
713 cm1) [9]. The band at 305 cm1 is characteristic of the forma-
tion of the BaTiO3 tetragonal phase and can clearly be observed in
the spectrum at x = 1. Carbonate formation is characterized by a
peak at 1060 cm1 for all concentrations.
The XRD and Raman data help explain the PL results. The liter-
ature includes several papers explaining the favorable conditions
for PL emission in materials showing a degree of order–disorder
[9,16,27–31]. There is no general consensus in the literature to ex-
plain why and how radiative decay takes place in perovskite-like
structures with a certain degree of disorder [32]. Figure 4 shows
a broad luminescent band (around the blue light range) for
BaxSr1xTiO3 samples, as is usually observed at low temperatures
in perovskite-type crystals, which is associated with the presence
of imperfections or defects. The determined band gap energies
(Table 1A) are smaller than the sample excitation energy
(350.7 nm, 3.52 eV), suggesting the presence of intermediate states
in the band gap, which assist the multiphoton radiative decay.
Therefore, a direct recombination of electron–holes is unlikely
[33]. As a result, a broad-band emission occurs, as shown in the
spectrum in Figure 4. During radiative decay, a relaxation process
occurs by several paths involving the participation of intermediate
states in the band gap of the material. This behavior is characteris-
tic of short-range structural disorder shown by these samples.
According to the literature, this structural order–disorder is
based on the location of the noncentrosymmetric Ti atom whose
displacement can cause the coexistence of two cluster types: one
network with ﬁvefold [TiO5] square-based pyramid and another
octahedral [TiO6] with sixfold coordination [31–35]. Figure 5
illustrates the displacement of Ti to form the cluster pairs of
[TiO5]–[TiO6] within the perovskite structure. The existence of
these types of clusters is evidenced by the Raman active modes,
indicating the distortion of local symmetry associated with the
presence of impurities or oxygen vacancies, which are common
in perovskites [19,26,36]. In the same sense, other kind of distor-
tion is possible, to which the clusters are only distorted without
Table 1
(A) Phase fractions determined by Rietveld method and average crystallite size and band gap energy and PL emission maximum values of sample; (B) Composition determined by
Rietveld method and SEM-EDX.
(A)
Samples Rietveld Crystallite size D (nm) Band gap energy (eV) PL kmax (nm)
Carbonate (wt.%) Titanate (wt.%)
BaTiO3 BaCO3 9.65 ± 0.06 90.35 ± 0.01 36 3.40 457
BaxSr1xTiO3 SrCO3 14.1 ± 0.2 85.92 ± 0.05 18 3.43 467
SrTiO3 SrCO3 14. 9 ± 0.2 85.14 ± 0.04 26 3.41 467
(B)
Samples Rietveld (at.%) SEM-EDX (at.%)
Sr Ba Ti Sr Ba Ti
BaTiO3 – 100 100 – 52.55 47.45
BaxSr1xTiO3 74.4 ± 0.6 25.6 ± 0.6 100 38.53 9.99 51.43
SrTiO3 100 – 100 44.86 – 55.14
Figure 2. Rietveld reﬁnement of the Ba0.256Sr0.744TiO3.
Figure 3. Raman spectra of the BaxSr1xTiO3 sample: (a) x = 0; (b) x = 0.25; (c) x = 1.
Figure 4. Photoluminescence spectra of the BaxSr1xTiO3 samples: (a) x = 0; (b)
x = 0.25; (c) x = 1.
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and distorted [TiO6] clusters are the most probable situation to
give rise of intermediated states into the gad gap. The photolumi-
nescent emission is the result of an electron–hole recombination
between the top valence band from oxygen and the bottom of
the conduction band of Ti belonging to these clusters [16]. The
formation of intermediate states in the band gap is due to the
displacement of the Ti atom and does affect the process of elec-tron–hole recombination [32]. The displacement of Ti atoms within
the cluster changes the oxygen position and destabilizes the top of
its valence band, helping in trapping holes. Thus, the radiative de-
cay process occurs due to distorted octahedral clusters by a charge
transfer via these intrinsic defects inside an oxygen octahedron/
tetrahedron [31,33,34]. Several papers have been published using
the concept of cluster to understand photoluminescent behavior
in perovskite based-materials. Many of them combine experimen-
tal results and quantum-mechanical calculus to evaluate the elec-
tronic structure of different materials (titanates [18,37–39],
zirconates [17], tungstanates [40–42] and other oxides [43]) struc-
turally ordered or disordered, obtained through different synthesis
methods. Although this work has not been done theoretical calcu-
lations, our experimental results have a similar behavior to those
shown in the literature [32,44].
According to the results shown in Figure 4, photoluminescence
emission intensity increases considerably for x = 0.25 in BaxSr1x-
TiO3 samples. This indicates that the partial replacement of Sr by
Ba leads to a major distortion in the crystal lattice that may be re-
lated to differences in ionic radii. However, these distortions do not
alter the peak position of the PL emission (467 nm) of BaxSr1xTiO3
for x = 0 and 0.25 (Table 1A). The addition of 25% Ba disrupts the
network symmetry and can promote the formation of clusters
[TiO5], increasing the population of charge carriers. This higher
structural disorder to the sample for x = 0.25, consequently, in-
creases the photoluminescent emission in approximately 30% as
compared with that for x = 0. The PL emission report to ST and
BT samples can be more related to distorted clusters due to was
Figure 5. Structural model of clusters in BaxSr1xTiO3 perovskite.
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made to BST with Ba exchanged.
According to Kulak et al. [45], for traditional and modern classi-
ﬁcations, three principal classes of particle structures are observed,
namely single crystals, mesocrystals, and polycrystalline aggre-
gates with some degree of orientation. The single-crystal regime
is deﬁned by well-faceted particles with predominantly smooth
surfaces and single-crystal scattering behavior, and nanoparticle
building units can be recognized on the faces of these particles.
Mesocrystals, on the other hand, have rougher surfaces, porosity,
and the primary nanoparticles from which these particles are con-
structed. They also show single-crystal scattering behavior,
although somemisalignments may become visible in the scattering
pattern, depending on the mutual orientation of the primary nano-
particles in the mesocrystal. Finally, polycrystalline aggregates are
deﬁned by little or no orientational order, porosity, and clearly vis-Figure 6. FE-SEM images of the BaxSr1xTiO3ible nanoparticle subunits. Their results suggest that no abrupt
change in the mechanism of particle formation occurs and that all
of these structures are thereby generated by aggregation-based
routes. These authors present a very interesting discussion about
the morphology and continuous micro-structural evolution and
propose a unifying model for copolymer-mediated crystallization.
In our research, we observed the same continuous structural
development during the synthesis of different materials (BST,
BCT [20] and CST [21]) using the microwave-assisted hydrothermal
method (MAH) without the addition of polymers. Furthermore, we
observed all these structures (poly, meso and single crystals), from
the nanoscale up to the micrometer scale, as if they had occurred
as a cyclical process responsible for the growth of the particles.
Figure 6 shows the three different types of crystallization mech-
anisms for BaxSr1xTiO3. For x = 0, poly, meso and single crystals
are observed at the micro- and nanoscale (Figure 6a). In the leftsamples: (a) x = 0; (b) x = 0.25; (c) x = 1.
Figure 7. Schematic representation of nucleation, growth and organization of nanoparticles to form different morphologies.
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‘polycrystal’ morphology which is transforming into a mesocrystal
with dodecahedral morphology, as that observed in the middle
image. Figure 6b (x = 0.25) shows three images with single and
mesocrystals at the microscale. For x = 1 (Figure 6c), there is a pre-
dominance of rounded nanoparticles, and although they do not
show faceted surfaces, the growth of the particles by agglomera-
tion can be observed.We believe that the growth of particles is
inﬂuenced by the intrinsic structure of the crystals, although the
methods or conditions for preparation, the precursors used, and
the concentration of ions in solution also inﬂuence the observed
morphology of the material. Also pH inﬂuences [46] nanoparticle
morphology, but in this work it was always kept high (14). As
discussed, the perovskite structure of BaxSr1xTiO3 is formed.
Therefore, different types of aggregates are initially formed; conse-
quently, they will grow into different shapes generating different
morphologies. The addition of 25% Ba induces the formation of a
greater amount of cluster pairs of [TiO5]–[TiO6], resulting in an ori-
ented aggregation process and crystallites with smaller dimen-
sions, as shown in Table 1A. These crystallites, in turn, tend to
grow neatly to form single and mesocrystal microstructures with
approximately cubic morphology, with well-deﬁned edges and
smooth surfaces. On the other hand, even a random substitution
of O2 by OH can occur, resulting in [TiO6H] complex clusters.
In these cases, the OH groups may cause an electrostatic repulsion
between the planes of the crystal, giving an anisotropic growth
with different sizes and morphologies [19]. It is possible that the
samples of BaxSr1xTiO3 consist of signiﬁcant amounts of agglom-
erates of [TiO5]–[TiO6] pairs, as well as complex clusters of the
[TiO6H] type, resulting in different types of crystal growth, crystal
sizes, and different morphologies. The samples with x = 0.25
should have a higher concentration of [TiO5]–[TiO6] clusters, lead-
ing to a more growth-oriented and pronounced morphology
(Figure 6b) and resulting in a higher intensity in photolumines-
cence emission, as shown in Figure 4. A scheme of combining lead-
ing to different morphologies of these clusters is illustrated in
Figure 7a.
4. Conclusion
Crystalline nanoparticles (cubic and tetragonal) of perovskite-
type barium strontium titanate (BaxSr1xTiO3: x = 0, 0.25 and 1)were successfully obtainedusing theMAHmethod. The greater local
disorder for the sampleswith 25% Ba fosters oriented crystal growth
and contributes to an increase in photoluminescence emission. This
behavior indicates that, although thematerialhaswell-deﬁnedcrys-
tal structure and morphology, these properties are governed by the
intrinsic defects of each cluster and how they are arranged to form
the crystal. The union of the clusters will depend on how the
[TiO5]–[TiO6] pairs are distributed in the crystal. With the shift of
Ti within the cluster, its conduction band will also be displaced in
relation to the valencebandofO. Thiswill result in additional energy
levels in the band gap and in the process of multiphoton decay,
resulting in the broadband PL spectrum. A theoretical study of the
band structure of thismaterial will contribute to amoremeaningful
interpretation of these results.
The observed structures (poly, meso and single crystals), from
the nanoscale up to the micrometer scale, drive us to propose a
cyclical process responsible for the growth of the particles. Also,
our data suggest that the morphology of the particles is associated
to the concentration and aggregation process of [TiO5]–[TiO6] clus-
ters, as well as complex clusters of the [TiO6H].
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